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This paper describes a simple quantitative test applicable to current-voltage data for cold field 
electron emission (CFE). It can decide whether individual reported field-enhancement-factor (FEF) 
values are spuriously large. The paper defines an "orthodox emission situation" by a set of ideal 
experimental, physical and mathematical conditions, and shows how (in these conditions) operating 
values of scaled barrier field (f) can be extracted from Fowler-Nordheim (FN) and Millikan-Lauritsen 
(ML) plots. By analyzing historical CFE experiments, which are expected to nearly satisfy the 
orthodoxy conditions, "apparently reasonable" and "clearly unreasonable" experimental ranges for f 
are found. These provide a test for lack of orthodoxy. For illustration, this test is applied to 17 post-
1975 CFE data sets, mainly for carbon and semiconductor nanostructures. Some extracted f-value 
ranges are apparently reasonable (including many carbon results), some are clearly unreasonable. It is 
shown that this test applies to any field-emission diode geometry and any form of FN or ML plot. It is 
proved mathematically that, if the extracted f-value range is "unreasonably high", then FEF-values 
extracted by the usual literature method are spuriously large. Probably, all new field-emitter materials 
should be tested in this way. Appropriate data-analysis theory needs developing for non-orthodox 
emitters. 
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1. Introduction 
 
(a) Motivation 
 
Particular stimuli for this work have been the widespread interest in developing large area field 
emitters (LAFEs) for electronic device applications (e.g., Zhu 2001, Xu & Huq 2005, Saito 2010, 
Zhai et al. 2011), and the author's perception––shared informally with colleagues––that some reported 
values for the LAFE characterization parameter "field enhancement factor" are implausibly high. 
Thus, a specific aim is to improve and generalize recently reported tests (Forbes 2012a,b) that can 
decide whether the FEF value extracted from a given experimental data set is clearly unreliable. 
The more general objective is a simple, well-specified quantitative test that can decide whether 
current-voltage characteristics measured in field electron emission experiments are incompatible with 
a set of experimental, physical and mathematical assumptions widely used in the period 1970 to 1990, 
and refined here to become the "orthodox emission hypothesis" described below. These are based 
around a particular form of Fowler-Nordheim-type equation. The test is intended for use on both 
modern and historical field emission data. 
 
 
(b) Background terminology 
   
The following terms are used. Fowler-Nordheim (FN) tunnelling is electron tunnelling though an 
exact or approximately triangular barrier. Deep tunnelling is tunnelling well below the top of the 
barrier, in a regime where the Landau and Lifschitz (1956) expression for transmission probability is a 
valid approximation (see Forbes 2008c). Cold field electron emission (CFE) is the statistical emission 
regime in which the electrons in the emitting region are effectively in local thermodynamic 
equilibrium, and emission occurs mainly by deep FN tunnelling from states close in energy to the 
local emitter Fermi level. 
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Provided that any relevant emitting surface is "not too sharp" (radius of order 10 nm or greater), 
CFE from a metal conduction band is physically described by a family of approximate equations 
known as Fowler-Nordheim-type (FN-type) equations (see Forbes 2012a); different family members 
involve different levels of theoretical approximation and/or use different (but linked) dependent 
and/or independent variables. Some FN-type equations are also used as empirical fitting equations for 
other types of CFE, but the interpretation of extracted parameters may be problematic if the emission 
is not orthodox as described below. 
 
 
(c) Orthodox field electron emission 
 
At present, many details of CFE theory are incomplete, particularly for non-metals, and there are 
some general difficulties, particularly with the theory of current-voltage data interpretation. The 
definition of orthodox field electron emission provides statements of a "paradigm" body of basic CFE 
theory, and of the (ideal) conditions under which it can be validly applied to predict emitter behaviour 
and interpret measured current-voltage data. Emission from old-style metal single-tip emitters, of 
moderate to large tip radius, is expected to be orthodox, or nearly so. Real present-day emission 
situations may or may not correspond adequately to orthodox emission. 
These ideal conditions concern (i) the behaviour of an operating field electron emitter in its whole 
environment, including the vacuum system and the electrical measurement circuit, and (ii) the 
physical assumptions made and mathematical models used when analyzing measured current-voltage 
data. A situation is deemed orthodox if all of the following apply: 
(A) the voltage difference between the emitting regions and a surrounding counter-electrode (all parts 
of which are at the same voltage) can be treated as uniform across the emitting surface and equal 
to the measured voltage Vm; 
(B) for a given voltage Vm, the measured current im can be treated as controlled solely by CFE at the 
emitter/vacuum interface, and is not significantly influenced by any other feature of the 
measuring circuit;   
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(C) emission can treated as if it involves deep tunnelling through a Schottky-Nordheim (SN) barrier 
(Schottky 1914, Nordheim 1928, Forbes & Deane 2007); 
(D) the measured current im is adequately described by a SN-barrier-related FN-type equation in 
which the only quantities that depend (directly or indirectly) on the measured voltage Vm are the 
barrier-form correction factor vF discussed below and any field-like or voltage-like variable in the 
equation; and  
(E) the emitter local work-function is constant (and constant across the emitting surface), and has a 
value close to that expected. 
This definition of orthodox emission allows slight departures from the strict physical assumptions 
made in mathematical modelling, but excludes many complications that can occur in real, present-day 
emission situations. Excluded complications include significant effects due to: Fermi-level drop in the 
measuring circuit (usually called "voltage drop"), or other forms of "saturation"; patch fields; leakage 
currents; field emitted vacuum space charge; current-induced changes in temperature; field 
penetration and band-bending; small-emitter effects related to field fall-off and/or quantum 
confinement (e.g., Qin et al. 2011); and field-related changes in emitter geometry or emission area or 
local work-function. 
The specific term "orthodox emission" was introduced in Forbes 2012a. The underlying thinking is 
much older. What is given above is a more careful statement of the assumptions involved. 
 
 
(d) The reason to test for orthodoxy 
 
In the period 1970 to 1990, nearly all literature analyses of measured CFE current-voltage data in 
effect assumed emission to be orthodox, and used related data-analysis theory. However, if emission 
is not orthodox, then orthodox data-analysis methods may not work properly, and may generate 
spurious values for extracted physical parameters. Thus, a test for identifying non-orthodox 
experimental behaviour would be useful. 
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In the last 20 years, especially with work on LAFEs, mathematically simpler forms of data analysis 
have been used, based on the elementary FN-type equation (which is a simplified form of the equation 
originally given by Fowler & Nordheim in 1928). As discussed in Forbes 2012a, this approach can 
cause difficulties. In fact, it would be better to carry out analyses on the basis of the orthodox 
emission hypothesis––provided that one can first test for lack of orthodoxy. If a given FN plot fails an 
orthodoxy test, then in nearly all cases the simpler analysis based on the elementary FN-type equation 
would also be invalid. 
A recent stimulus for developing an orthodoxy test has been a research tender document issued by 
an European Agency. The required research involved (amongst other things) a literature search for 
highly-efficient field electron emitters. It would be natural to take high reported field enhancement 
factor (FEF) as a measure of good emitter quality. However, non-orthodox experimental behaviour, 
when analyzed by orthodox theory, may generate a spuriously high FEF-value (see § 6). Thus, a risk 
exists that a literature survey of FEF-values would selectively choose spuriously high results, and 
hence return spurious research conclusions. 
 
 
(d) Previous test development 
 
Sophisticated tests of the applicability of FN-type equations to CFE from metal emitters have been 
made (Dyke & Trolan 1953, Dyke & Dolan 1956). But, historically, only one simple test has existed 
for judging compatibility between experimental current-voltage data and FN-type physical 
assumptions. This has been to make a FN plot (Stern et al. 1929) of the data, in the form [ln{im/Vm2} 
vs 1/Vm] or equivalent, or to make a related semi-logarithmic plot, such as a Millikan-Lauritsen (ML) 
plot (Millikan & Lauritsen 1928, Forbes 2009). Linearity or near-linearity of such plots has often been 
taken to imply that  im could be physically predicted by (as opposed to mathematically fitted by) a FN-
type equation applying at the emitter-vacuum interface. 
In reality, this qualitative, "linear or nearly-linear" test is necessary but not sufficient, because 
other physical situations could create FN-plot linearity. (For example, linearity is expected when im is 
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controlled by a FN-tunnelling-based conduction process in a substrate onto which emitters have been 
deposited.) The tests discussed below involve the slope of a FN or ML plot, and are superior because 
they are quantitative. 
A "mid-range" test was proposed in Forbes 2012a and a "range-ends" test in Forbes 2012b. These 
tests were created for LAFEs, and were described in a restricted form related to FN plots of type 
ln{JM/FM2} vs 1/FM], where FM is macroscopic field and JM is the macroscopic (i.e., LAFE-average) 
emission current density. In fact, similar tests can be applied to any type of FN plot, and hence to 
traditional single-tip field emitters (STFEs) and to cylindrical-wire emitters, as well as to LAFEs. 
 
 
(e) Objectives and structure 
 
This paper has three main objectives: (1) to fill out background theory (including the use of scaled 
equations), and formally prove that the new tests are applicable to any type of FN plot; (2) to improve 
the range-ends test by applying it to selected older experiments expected to be (nearly) orthodox; and 
(3) to illustrate use of the improved test by applying it to selected CFE experiments (including many 
on LAFEs) where orthodoxy cannot necessarily be expected. 
The structure of this paper is as follows. Section 2 provides background theory, some of which is 
being presented in a definitive form for the first time. Section 3 discusses the principles behind tests 
for lack of orthodoxy. Section 4 applies the existing range-ends test (Forbes 2012b) to historical data, 
and uses the outcome to refine this test. Section 5 applies the improved test to published FN plots 
associated with various materials. Section 6 considers the link between failure of an orthodoxy test 
and the generation of spurious values for field enhancement factor. Section 7 provides a summary and 
discussion. 
In accordance with the mainstream field emission convention, this paper treats fields, current 
densities and related quantities as positive, even though they would be negative in classical 
electromagnetism, and uses F as the symbol for the negative or magnitude of electrostatic field as 
classically defined.  
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2.  Background theory 
 
(a) CFE equations for emission current densities 
 
This Section presents a coherent set of general FN-type equations. A formal general expression 
 JL
GB for the local emission current density (ECD), as a function of local work-function φL  and local 
barrier field FL, is (Forbes 2012a): 
 
 JL
GB ≡ λL
GBaφL
−1FL
2 exp[−νF
GBbφL
3/2 /FL ] , (1) 
 
where a and b are the First and Second FN Constants as given in Table 1,  νF
GB (" nuF
GB ") is a particular 
value (for a barrier of zero-field height φL ) of the barrier-form correction factor νGB for a defined 
general mathematical barrier "GB", and  λL
GB is the corresponding local pre-exponential correction 
factor.  λL
GB  is a composite correction factor that can in principle be decomposed into a product of 
correction factors related to specific physical effects, as in Forbes 2008b; details are not needed here. 
In equation (1), the superscript "GB" appears on all relevant parameters, to show that their values 
depend on the mathematical form chosen to model the tunnelling barrier. Predictions of  λL
GB  and  JL
GB  
also depend on other assumptions made, but these are not shown explicitly. 
In practice, both with old-style single-tip field emitters and with multi-emission-site large-area 
field emitters, theoretical interest is in the characteristic local current density JC at some characteristic 
location "C" on the emitter surface. It is helpful to think of "C" as the location at which  JL
GB  has its 
maximum value for a given applied voltage, but other choices are possible. Quantities applicable to 
location "C" are subscripted "C". 
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For discussing data analysis, it is useful to define a characteristic kernel current density  JC
kGB  for a 
general barrier, and re-write expression (1) (but with "L" replaced by "C") as the linked equations 
 
 JC
kGB ≡ aφC
−1FC
2 exp[−νF
GBbφC
3/2 /FC ] , (2a) 
 
 JC
GB = λC
GBJC
kGB . (2b) 
 
This approach has two advantages. First, for given choices of φC , FC and barrier form, values for the 
mathematical expression  JC
kGB can be calculated exactly, because all the uncertainties in the pre-
exponential (see Forbes 2008b) have been accumulated into the single parameter  λC
GB . Second, this 
approach provides formal similarity between expression (2b) above, for the characteristic local ECD, 
and expression (3) below, for the macroscopic (or "LAFE-average") ECD JM: 
 
 JM = λM
GBJC
kGB . (3) 
 
The macroscopic pre-exponential correction factor (for the general barrier), denoted here by  λM
GB , is 
the parameter introduced in Forbes 2012a and denoted by λM in equation (11) there. The formal 
similarity between equations (2b) and (3) ensures that discussion below is applicable to both STFEs 
and LAFEs. 
No superscript is used on JM because it is not model dependent but is defined operationally, using 
the total emission current i and the LAFE substrate (or "macroscopic") area AM, by 
 
 JM = i/AM . (4) 
 
Obviously, in any given experiment, both AM and i can be measured. In LAFE theory based on a 
general barrier, the area efficiency of emission  αM
GB is given by 
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 αM
GB ≡ JM /JC
GB = λM
GB /λC
GB  . (5) 
 
The above equations relate to current densities. For all emitters, equations relating to total emission 
current can be written in the form: 
 
 i ≡  An
GBJC
GB  , (6) 
 
where  An
GB  is defined by equation (6) and is a notional emission area (for the general barrier) for the 
emitter in question. For LAFEs, the related form i=AMJM can also be used.  
 
 
(b) Classification of Fowler-Nordheim–type equations by sub-family 
 
The kernel current density  JC
kGB has a central role in the above equations. This suggests splitting 
the family of FN-type equations into sub-families based on the tunnelling barrier model used. Each 
sub-family has a defined expression for the kernel current density; the different equations in the sub-
family then use different approximate expressions for the pre-exponential correction factor (or use 
different sets of dependent and independent variables).  
At present, most CFE data analyses are based on FN-type equations drawn either from the sub-
family based on the exact triangular (ET) barrier (for which  ν
GB = 1), or from the sub-family based on 
the SN barrier (for which νGB is given by a particular value of the principal SN-barrier function v(l'), 
where l' is a mathematical variable (Deane & Forbes 2008)). The ET barrier leads to slightly simpler 
mathematics, but the SN barrier is physically and quantitatively more realistic. The elementary FN-
type equation used in many analyses of LAFE behaviour is the simplest member of the sub-family 
based on the ET barrier. But, in the context of LAFEs, the elementary equation is seriously defective 
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(see Forbes 2012a), in that it omits any macroscopic pre-exponential correction factor, and hence 
greatly over-predicts JM (by a factor that could in some cases be as much as 109 or more). 
For data analysis, the SN-barrier-based sub-family is much the best choice at this stage of 
theoretical development. The "full" SN-barrier-based equation for a LAFE, namely 
  
 JM
SN = λM
SN JC
kSN ,  with   JC
kSN ≡ aφC
−1FC
2 exp[−vFbφC3/2 /FC ] , (7) 
 
is central to the concept of emission orthodoxy.  
In due course, if it emerges that many LAFEs do not exhibit orthodox emission, it may become 
useful to develop data-analysis theory based on other barrier models. At present, it seems best to 
concentrate on consolidating data-analysis theory for orthodox emission, since gaps in this still exist.  
 
 
(c)  Scaled form for the Schottky-Nordheim kernel current density 
 
This Section records how expression (7) can be converted to "scaled" form. Scaled forms allow 
arguments to be made wider in their applicability, and SN-barrier mathematics is particularly 
amenable to scaling. The discussion here improves on that given in the appendix in Forbes 2012a. 
For a SN barrier of zero-field height φ  , the reference field  FR
SN that reduces the barrier height to 
zero is: 
 
 FR
SN = c−2φ 2 ,  (8) 
 
where c is the Schottky constant, as given in Table 1. For this barrier, the scaled barrier field  f
SN  
corresponding to barrier field F is  
 
 f
SN ≡ F / FR
SN . (9) 
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 f
SN  is a dimensionless physical quantity used in modelling the SN barrier. The process of deriving 
equation (7) shows that vF can be identified with the particular value  v( fC
SN )  obtained by putting 
 l ' = fC
SN in the mathematical function v(l').  
On defining work-function-dependent parameters ηSN(φ) and θSN(φ) by 
 
 η
SN (φ) = bφ3/2 /FR
SN = bc2φ−1/2 , (10) 
 
 θ
SN (φ) = aφ−1(FR
SN )2 = ac−4φ3 , (11) 
 
where bc2 and ac–4 are universal constants given in Table 1, the kernel current density  JC
kSN can be 
written in scaled form as 
 
 JC
kSN = θC
SN ⋅ ( fC
SN )2 ⋅exp[−v( fCSN ) ⋅ηCSN / fCSN ] . (12) 
 
Values of ηSN(φ) and θSN(φ) are shown in Table 2, for a range of work-function values. 
To make equations physically explicit, the subscript "C" has been used above to label 
characteristic values, and superscripts have been used to label different barrier models. For notational 
simplicity, we now drop the tag "SN" entirely, and drop the subscript "C" from the parameters 
 φC , FC , fC
SN ,  ηC
SN ,  θC
SN and  JC
kSN , leaving it to be understood that from this point––unless indicated 
otherwise––relevant parameters relate to SN-barrier-based equations for location "C". 
The scaled equation (12) contains only one field-like variable (f), and a good simple approximation 
exists for v(f) (Forbes & Deane 2007, 2010). This allows the SN-barrier kernel current density Jk to be 
well approximated by 
  
 J
k ≈θ f 2 exp[−η ⋅ (1/f −1+ 16 ln f )] . (13) 
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For example, for φ=4.50 eV and f=0.30, the exponent in equation (13) evaluates to –9.889, as 
compared with an unapproximated value of –9.856, and Jk evaluates to 3.20×108 A/m2, as compared 
with an unapproximated value of 3.09×108 A/m2. 
 
 
(d)  Applicability of tests to all forms of Fowler-Nordheim plot 
     
This Section shows that the new tests apply to all forms of FN plot. It is helpful to introduce a 
formal mathematical differential operator DX{Y(X,Z)}. This operates on any well-behaved function 
Y(X,Z) that is a function of one variable (X) of particular interest, and possibly of a set Z of other 
variables that are independent of X and not of immediate interest, and is defined by 
 
 DX {Y ( X ,Z )}≡ [∂ ln{Y}/ ∂(1/X )]Z . (14) 
 
Clearly, for two functions Y1(X,Z) and Y2(X,Z): 
 
 DX {Y1 ⋅Y2}= DX {Y1}+ DX {Y2} . (15) 
  
For any parameter K that is independent of X: 
 
 DX {K}= 0 . (16) 
 
This operator is first employed to investigate the use of different dependent variables in FN plots. 
A plot of type [ln{Y/X2} vs 1/X] is said to be "plotted using FN coordinates for Y(X)" and is called a 
"Y-X" FN plot or Y(X) FN plot. When a function Y(X) is plotted as a FN plot, the plot slope is denoted 
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by SYX(X). For FN-type equations this slope is negative, and varies slightly with X (except for the ET-
barrier sub-family). 
In orthodox emission, it is assumed that AM, An, λM , αM, λC, φ, θ and η can all be treated as 
independent of fields and voltages. Thus, from equation (12), the predicted slope Skf of a Jk-f   FN-plot 
would be  
 
 Skf =  Df {J
k /f 2} =  Df {θ}–η ⋅d{v/f }/ d(1/f ) =  –η ⋅ s( f ) , (17) 
 
where s(f) is the slope correction function for the SN barrier, expressed in terms of f. The 
mathematical function s(f) is defined and well-approximated by (Forbes & Deane 2007) 
 
 s( f ) ≡  d{v/f }/ d(1/f ) =  v – fdv/df  ≈  1– f /6 . (18) 
 
For the SN-barrier sub-family, using the simplified notation just defined, equation (2b) takes the 
form JC=λCJk. In orthodox emission Df{λC}=0. Thus, the predicted slope SCf of a JC-f FN-plot is 
 
 SCf ≡  Df {JC /f
2} =  Df {λC}+ Df {J
k /f 2} =  −η ⋅ s( f ) . (19) 
 
Obviously, this result is the same as in equation (15). Analogous arguments, starting from the relation 
JM=λMJk, prove that the slope SMf of a theoretical JM-f FN-plot would also be given by  −η ⋅ s( f ) .  
Equation (6) records that, for all emitters, the total emission current i can be written as i=AnJC, 
where An is the relevant notional emission area. Orthodox emission treats An as constant; hence 
Df{An}=0, and the predicted slope Sif of an i-f FN plot is again  −η ⋅ s( f ) . 
In what follows, the symbol SYf is used to represent any one of Skf, SCf, SMf or Sif . Clearly, in all 
cases  SYf = −η ⋅ s( f ) . 
The D-operator can also be used to investigate what happens when different independent variables 
are used in FN plots. The case of "voltage" can be taken as an example. In diode-like practical 
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situations, where the emitter faces surrounding surfaces all at the same voltage, the measured 
independent variable is usually the voltage-difference Vm supplied by the high-voltage generator. In 
orthodox emission, all emitting surfaces are assumed to be at the same voltage, and the gap voltage-
difference VG (between the emitter and its surroundings) is treated as equal to Vm. The symbol V is 
used here to denote these equal voltage-differences, and VR to denote the (constant) reference value of 
V at which (for the given emitter, with a defined atomic-level shape) a SN barrier of zero-field height 
φ, at location "C", is reduced to zero. For this emitter shape, orthodox emission assumes that 
corresponding values of V and f  are related exactly by 
 
 V = f ⋅VR , (20) 
 
 d(1/V ) / d(1/f ) = 1/ VR ; (21) 
 
and, from definition (14), it follows (for any function Y) that 
 
 
DV {Y}= Df {Y}⋅
d(1/f )
d(1/V )
= Df {Y}⋅VR . (22) 
 
Consider a set of theoretically prepared CFE data (say, a set of pairs of values of f and Jk) that is 
plotted both as a Jk-f FN plot, and (after transformation using some specific VR-value) as a Jk-V FN 
plot. The predicted slopes SkV and Skf of these plots will––for corresponding values of V and f––be 
mathematically related. This can be formally proved as follows. 
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SkV = DV {J
k /V 2}= DV {J
k /( f 2VR
2 )}
= DV {J
k /f 2}+ DV {1/ VR
2}= DV {J
k /f 2}
= Df {J
k /f 2}× d(1/V ) / d(1/f ) = Skf /VR = (Skf /f ) ⋅V ,
SkV /V = Skf /f .
 (23) 
 
A similar proof could be given for each of the other dependent quantities (JC, JM and i) considered 
above, and the set of results can be summarised in the statement: SYV/V = SYf/f  =  −η ⋅ s( f )/f . 
Since, in orthodox emission conditions, the relationships between f and barrier field F, and 
between f and macroscopic field FM, also involve strict proportionality, similar conclusions apply to 
theoretical FN plots using F and FM as the independent variables. Thus, if SYF and SYM represent the 
corresponding sets of FN-plot slopes, we would find that SYF/F and SYM/FM again equal  −η ⋅ s( f )/f . 
What this Section has shown is the following. If X is any one of the independent variables 
normally used in CFE theory, and Y is any one of the dependent variables, then under conditions of 
emission orthodoxy the following is true: that, at any particular value of X, the ratio SYX/X is given by 
 
 SYX /X = −η ⋅ s( f )/f , (24) 
 
where f is the value of scaled barrier field corresponding to the chosen value of X. 
This result makes it possible to apply quantitative orthodoxy tests (which use the variable f) to 
any type of FN plot. The discussion also brings out that, when emission is orthodox, f can be used as a 
scaled variable for any of the independent variables F, V or FM, by choosing a reference value at 
which the barrier height goes to zero. (This is not necessarily true for non-orthodox situations, 
because lack of orthodoxy may involve breakdown in strict proportionality between F and other 
independent variables.) 
An alternative (less formal) derivation of result (24) is given in Forbes et al., 2012. 
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3.  Quantitative tests for lack of emission orthodoxy 
 
(a) Extraction of f-values 
 
With FN-type equations based on the SN barrier, all experimental FN plots (of whatever type) are 
expected to be slightly curved (e.g., Forbes & Deane 2010). A straight line of slope Sfit, fitted to data 
points by linear regression or other means, is a chord to the theoretical FN plot generated by the FN-
type equation being used to model the data. This fitted line is parallel to the tangent to the model FN 
plot at some value Xt of the independent variable X. Hence, if ft corresponds to Xt (i.e., ft=Xt/XR, where 
XR is the reference value for variable X), then 
 
 S
fit /X t = −η ⋅ s( f t )/f t , (25) 
 
 S
fit /X = −η ⋅ s( f t ) ⋅ X t /f t X = −η ⋅ s( f t )/f , (26) 
 
 f
extr ={η ⋅ s( f t )} /{−S
fit ⋅ (1/X )expt}. (27) 
 
The last step in equation (26) follows because (for orthodox emission) Xt/ft=XR and XR/X=1/f. 
Equation (27), obtained by inverting equation (26), shows how an extracted value fextr is obtained 
from the experimental value (1/X)expt read from the horizontal (1/X) axis of a FN plot. 
A value for s(ft) is now needed. A good simple approximation exists for s(f), namely s(f)≈1–f/6. 
From re-analysis (Forbes 2008a) of the experimental results of Dyke & Trolan (1953) for their emitter 
X89, it was found that the f-value range corresponding to their results is 0.20<f<0.34. The 
corresponding range for s(f) is 0.967>s>0.943. Hence, to an adequate approximation, since ft is near 
the middle of the stated range, one may take s(ft)≈0.95. This was the approach adopted in the range-
ends test of Forbes 2012b. 
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The Dyke & Trolan results for emitter X89 were used because this was the main set of results 
used in the 1950s tests of the applicability of FN theory to CFE data. Emitter X89 is a very carefully 
investigated tungsten single-tip field emitter.  
In the original mid-range test, a different method was used to deal with the s(ft) term. In effect, 
s(ft) was expanded as (1–ft/6), a working value Xw was chosen near the midpoint of the range of 1/X 
used in the relevant experiments (or simulations), and it was assumed that ft could be approximated as 
equal to the scaled barrier field fw corresponding to Xw. This approach attempts to make s(ft) 
consistent with the experimental data, but can yield unphysical values for s(ft) when emission is not 
orthodox. The approach of approximating s(ft) as 0.95 makes s(ft) consistent with tunnelling theory, 
and is considered simpler and better, for both the mid-range and range-ends tests. 
 
 
(b) Formulation of test criteria 
 
To create a test, one needs to know what range of f-values is physically reasonable (usually this 
means reasonable for steady emission). An f-value extracted from a linear (or nearly linear) 
experimental FN plot is then considered inconsistent with orthodox emission if it lies significantly 
outside the physically reasonable range. 
The original mid-range test took 0.22<fw<0.32, which was thought reasonable for the extracted 
value fw corresponding to a "working value" Xw (of the independent variable X), chosen near the 
midpoint of the experimental range of 1/X values. The range-ends test developed later used the whole 
range of extracted f-values, and compared this with the assumed physically reasonable range 
0.20<fextr<0.34. (A modified range is proposed below.) 
When the whole extracted range is used, the test criterion is as follows. If the FN plot is linear or 
very nearly linear, then inconsistency with orthodox emission is demonstrated if any value in the 
extracted range is significantly outside the physically reasonable range.  (What "significantly" should 
mean is considered below.) 
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4. Application to older CFE experiments 
 
(a) Results of analysis 
 
Old-style CFE experiments, both those involving a metal single-tip field emitter mounted on a metal 
support and older experiments involving a metal wire and a concentric metal cylinder, are expected to 
exhibit orthodox (or nearly orthodox) behaviour. For some of the best-known CFE experiments 
between 1926 and 1972, extracted f-value ranges are shown in Table 3. In all cases the work function 
is assumed to be 4.5 eV.  
Data set 1 is that used earlier, and is also shown as Fig.13 in Gomer's (1961) well-known textbook. 
Data set 6 is also shown as Fig. 8 in Good & Müller's (1956) review article. Data set 10, taken in 
wire-and-concentric-cylinder geometry (see Eyring et al. 1928), is the current-voltage (im-Vm) data set 
with which Lauritsen first discovered linearity between log10{im} and 1/Vm (see Millikan & Lauritsen 
1928, Lauritsen 1929, Holbrow 2003). Results in Rother's 1926 review are excluded because, for the 
tip-anode spacing tested in his Tafel 5 (0.015 mm), a FN re-plot of his results does not yield a straight 
line. Further information about the experimental data sets used to produce Table 3, and related 
references, and details of the related spreadsheet calculations, are provided as electronic 
supplementary material. 
In the 90 years of practical CFE since the first report in English (Lilienfeld 1922) of what was 
then called auto-electronic emission, Table 3 appears to be the first published attempt to make a 
systematic quantitative comparison of classical CFE experimental results. The overall picture is one is 
of general consistency. 
 
 
(b) Refinement of orthodoxy test 
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Clearly, many experiments used slightly lower onset conditions than were used for emitter X89; 
hence a revised test lower limit will be set at fextr=0.15. Data set 8 is the only one with a still lower 
onset (0.11). This could be because Abbott and Henderson (1939) used an electrometer for their low-
current measurements, rather than the galvanometer used for their higher-current measurements. 
For steady emission, data sets taken in the 1950s and later terminate (on the high-f side) at 0.35 or 
less. However, the older data sets go up as far as f = 0.59. This difference could be due to increased 
later awareness that emitting high steady current density can cause premature emitter destruction. 
Another factor may be that two data sets involving high f-values (Nos 7 and 11) were parts of 
experimental investigations of the effects of temperature on emission, where it would be natural to use 
relatively high field values in the room-temperature data sets. Given the historical spread, a revised 
test upper limit for modern results is set, somewhat arbitrarily, at fextr=0.45. 
Another table feature, where pulsed emission has been used to explore emission at higher f-values, 
is the variability in the f-value at which non-linearity is detected. This could partly be due to 
difficulties in quantifying the onset of non-linearity; alternatively, the most obvious physical 
explanation lies in geometrical differences in space-charge effects. 
Because of the difficulties in setting precise test limits before gaining experience in its practical 
use, the range-ends test currently needs to be treated as an "engineering triage" test: it sorts 
experimental results into the three categories "apparently reasonable", "clearly unreasonable" and 
"more detailed investigation required". The limits proposed above are the limits of the central 
"apparently reasonable" range (for an emitter with φ= 4.5 eV). As boundaries for the "clearly 
unreasonable" range, the author proposes fextr<0.10 and fextr>0.75, the former because it is slightly 
lower than any observed onset value, the latter because it is somewhat higher than any f-value used in 
the pulsed-emission experiments listed. 
These proposed limits may need adjustment in the light of experience and/or for certain classes of 
emitter. For example, it is arguable that very sharp emitters––including liquid-metal field electron 
emitters––might be able to sustain current densities corresponding to f-values closer to unity. 
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(c)  Tests for other work-function values 
 
For "orthodoxly behaving" materials with work-function values different from the tungsten value, 
both the value of η and the ranges of "apparently reasonable" (flow.≤fextr≤fup) and "clearly 
unreasonable" (fextr<flb, and fextr>fub) f-values will be different. It seems probable that the effects 
determining the physically reasonable emission range relate strongly to the emitter's characteristic 
local emission current density JC. This, in turn, relates to the kernel current density Jk. For φ=4.50 eV, 
the range-boundary values (Jlb, Jlow., Jup., Jub) are, respectively 3.02 ×10–6, 25.6, 8.79×1010 and 
1.02×1013 A/m2. For other work-function values, the boundary f-values can be found by trial-and-error 
methods based on equation (12). These values are shown in Table 2, and can be used to provide an 
orthodoxy test for a material with work function different from 4.50 eV. 
 
 
5.  Illustrative applications to post-1975 data sets 
 
This modified test is now applied to selected examples of various emitting materials. Table 4 shows 
the material, the work-function assumed and extracted f-values. Values outside the "apparently 
reasonable" range are marked with a single asterisk, "clearly unreasonable" values with a double 
asterisk. Where given by the original author, the extracted "field enhancement factor" (parameter γ *1 
in equation (28) below) is also shown. Details of table preparation are provided as electronic 
supplementary material. Brief notes on individual tests follow. 
Test 15 relates to a Spindt array (Spindt et al., 1976). The upper end is outside the apparently 
reasonable range. This could be because the emitters were being operated at particularly high current 
density, or because the individual emitters have small tip radius, or a mixture of both. 
Test 16 relates to a hybrid nanostructure that uses relatively closely spaced gold nanowires grown 
on a graphene film. The whole extracted range is "clearly unreasonable". This result has already been 
reported (Forbes 2012b, Lee et al. 2012), and is not fully understood. Possible explanations include 
field-dependent changes in emitter geometry and/or collective screening effects. 
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Tests 17 and 18 relates to what the authors (Li et al., 2011) call a "flexible SnO2 nanoshuttle". The 
related FN plot has two quasi-linear sections. For both sections, the whole extracted range is "clearly 
unreasonable"; this could be an effect related to field-dependent geometry. 
Tests 19 to 23 relate to various forms of carbon field emitter. Apart from two end-values, the 
whole extracted range is "apparently reasonable" in every case. Carbon field emission is not 
necessarily well described by FN-type equations, so this result is slightly unexpected. It may indicate 
that these carbon emitters (and their supporting structures) have adequate conductivity, and that 
carbon barrier behaviour is sufficiently close to that of a SN barrier. 
Test 21 is particularly interesting, since it relates to a large-scale electrical engineering device, 
namely a gas-discharge tube surge protector (used, for example, to protect telecommunication circuits 
from lightning strikes). The authors (Zumer et al., 2012) consider that gas breakdown is 
initiated/stimulated by CFE from the edge of graphite platelets used in the device: obviously, the test 
result here supports this proposition. 
Tests 24 and 25 relate to a CNT mat on a silicon substrate. The FN plot has two sections, with the 
high-field one obviously a "saturated" regime. The two tests between them clearly pick out the high-f 
regime as non-orthodox. 
Tests 26 and 27 relate to two different CNT-in-matrix composites. The first is "apparently 
reasonable", the other not. A point of interest is that the FN plot used for test 27 has only a single 
quasi-linear section: there is no "unsaturated" section. 
Tests 28 to 31 relate to four different kinds of semiconductor nanostructure. For tests 29 to 31, the 
FN plots are chosen because they have the three highest "field enhancement factors" listed in Table 1 
in the review by Zhai et al. (2011). As can be seen, one of these is "apparently reasonable", but the 
other three are non-orthodox. This means that one of the four high reported values of "field 
enhancement factors" is apparently valid, but the other three are apparently spurious (see § 6). 
The comments provided here are not intended as definitive scientific conclusions. Rather, the tests 
and comments are intended as "proof of concept" and as a "demonstration of usefulness". They 
illustrate the kinds of issues that applying the test might raise or illuminate. 
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6.  Saturation and spuriously large values for field enhancement factors 
 
A direct mathematical link exists between (a) non-orthodoxy associated with current saturation, and 
(b) spuriously large values of field enhancement factor (FEF). A formula written here as 
 
 γ
*1 = −bφ3/2 / S fit  (28) 
 
is widely used to derive an experimental value for a slope characterization parameter denoted here by 
 γ
*1 (but usually by β  in LAFE literature). This parameter  γ
*1  is often interpreted as a FEF. However, 
if, due to saturation, the magnitude |Sfit| of the FN plot slope is significantly lower than the value 
predicted for orthodox emission, then this anomalously low value will generate both a spuriously 
large FEF-value via equation (28) and anomalously high extracted f-values in the test based on 
equation (27). 
For safety of interpretation, all experiments for which equation (28) generates high FEF-values 
need to be checked for lack of orthodoxy. As discussed in §5, Table 4 shows that some reported high 
FEF-values are spurious. 
A formal improvement denotes the classical electrostatic (zero-current) field enhancement factor 
by the separate symbol  γ
*σ . The underlying problem is that, if equation (28) is treated as an empirical 
extraction formula for this FEF, then the extraction formula is defective. A formal improvement 
writes it as  
 
 γ
*σ = σ tγ
*1 = −σ tbφ
3/2 / S fit , (29) 
 
where σt is a slope correction factor. For orthodox emission σt = s(ft) ≈ 0.95, as in equation (27), so 
approximating σt  ≈1 causes only about 5% error. For non-orthodox emission, σt may be very 
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different from unity, and needs to be estimated theoretically. This is not straightforward, because each 
of the many possible causes of non-orthodoxy may need to be considered separately.  
A further difficulty also exists. Even if the orthodoxy test indicates that a large extracted FEF-
value is "apparently reasonable", this does not necessarily mean that the emitter nanostructure in 
question is technologically a "good field enhancer". The FEF-value is a reflection of the electrostatics 
of the whole system. Reports of continuous increase in FEF with cathode-anode separation (e.g., Lin 
et al. 2010) appear to indicate that, in some cases, effects due to the finite (and, maybe, unequal) sizes 
of electrodes may be influencing reported FEF-values. (This is an effect different from the better-
known effect discussed by H. C. Miller (1967), which occurs at small tip-anode separations, for 
electrodes of effectively infinite extent.) 
Detailed discussion of these issues is beyond the scope of the present paper. However, I urge again 
that, if FN plots are made, then these should involve the raw measured current-voltage (i-V) data, 
rather than data pre-converted (often, in past literature, by methods that are not fully described) to be 
in terms of FM and JM. Issues relating to field enhancement factors (however these are defined) can 
then be discussed by multiplying the voltage-to-barrier-field conversion factors (extracted from the 
i(V) FN-plot slope) by appropriate well-defined distances. This approach of reporting (and working 
with) the raw experimental data seems particularly important if there is any chance that the full 
electrostatics of the emitter configuration is not properly understood. 
 
 
7.  Discussion 
 
(a) Summary 
 
This paper has provided a more careful definition of the orthodox emission hypothesis, and has 
confirmed that––by using the concept of scaled barrier field––experimental tests for lack of field 
emission orthodoxy can be developed. After re-analyzing old-style CFE experiments, the limits 
involved in the range-ends test have been refined. Thus, after 90 years of practical CFE, we now have 
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(for the first time) a simple, quantitative easy-to-apply test for determining when emission is  not 
orthodox, and hence when FN-type equations certainly do not apply to a given emission situation as 
predictive/explanatory equations, but are serving just as empirical fitting equations.  
The improved test has been applied to various types of field electron emitter, including many non-
metal emitters and many LAFEs. Some exhibit apparently orthodox behaviour, others do not. Two-
section "kinked" FN plots are characteristic of "saturation", which is usually due to series resistance in 
the current path . As might be expected, the high-f section of such plots tested non-orthodox, in both 
cases tested. But in one case the low-f section also tested non-orthodox. There are also single-section 
FN plots that tested non-orthodox. 
 Not surprisingly, field-dependent geometry and saturation effects appear as likely causes of non-
orthodoxy. The finding that most carbon emitters tested, including some CNT-based emitters, have 
apparently orthodox behaviour was slightly unexpected. This perhaps suggests that when a CNT-
based emission situation tests non-orthodox, this is most likely to be due to series resistance in the 
substrate or in the substrate-to-CNT contact. 
 
 
(b) General implications and future theoretical development 
 
Non-orthodoxy usually implies that a spurious FEF-value will be generated if orthodox (or 
simpler) data-analysis formulae are used. Hence, it is arguable that, as a routine part of data analysis, 
all new forms of field emitter should have their current-voltage characteristics tested for lack of 
orthodoxy, and that the results of the test should be included in related publications. A copy of the 
spreadsheet provided as part of electronic supplementary material could be used to do this. 
There is also a case for applying the test to representative sets of past results, for the different 
LAFE types developed, to see if any systematic features of behaviour can be detected. One would 
certainly expect that the physical structure of an emitter, and the resistivities of the materials involved, 
would affect the extent to which the related CFE system is non-orthodox. 
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Lack of orthodoxy need not imply poor emitter quality––for example, in some applications the 
"ballasting" provided by series resistance is a practical advantage. What non-orthodoxy implies is that 
orthodox (and simpler) data-analysis methods are not applicable, and may generate spurious values 
for characterization parameters. 
Clearly, there is a need for more sophisticated data-analysis theory. Although useful progress has 
been made in modelling series-resistance effects (e.g., Cha et al. 2006, Chen et al. 2010), this is only 
one of many potential causes of non-orthodoxy (as shown by the list of excluded complications in 
§1(c)). The way in which orthodox data-analysis theory needs to be generalized will depend, in part, 
on the particular cause of non-orthodoxy. The overall task seems likely to be highly complicated, will 
almost certainly need to proceed in stages, and will be addressed elsewhere in due course. 
In conclusion, it is believed that the test developed here will prove an useful tool in developing 
field emission technology. For experimentalists it should help in assessing the validity of their 
extracted parameters; for technologists, it may assist with the choice of emitter material; for 
theoreticians it should help identify material situations that need detailed attention. At present, the test 
is a relatively coarse tool, aimed primarily at identifying the existence of problems. Hopefully, as 
results build up from its use, it may be possible to refine the test to become more informative. 
More generally, it is hoped that the development of this test may help start a process of making the 
link between theory and experiment in field electron emission science stronger and more quantitative. 
I thank the University of Surrey for provision of facilities. 
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 Table 1 
 
 
Table 1.  Some universal constants used in field emission. Values are given in the 
eV-based units often used, in order to simplify calculations when work functions 
 are given in eV and fields in V/nm, and current densities are needed in A/m2. 
Name Symbol Expression Numerical  value Units 
First Fowler-Nordheim constant a e3/8πhP 1.541 434
 µA eV V–2 
Second Fowler-Nordheim 
constant b (4/3)(2me)
1/2/e 6.830 890 eV–3/2 (V/nm) 
Schottky constant c (e3/4πε0)1/2 1.199 985 eV (V/nm)–1/2  
- - c–2 0.694 4616 eV–2 (V/nm) 
- - bc2 9.836 238 eV1/2 
 - ac–4 7.433 980×1011 A m–2 eV–3 
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Table 2 
 
Table 2. (a) Values of the parameters FR, η and θ for a SN barrier of 
zero-field height φ. (b) The f-values that set the "apparently reasonable" 
range flow.≤ fextr ≤fup., and the "clearly unreasonable" ranges fextr<flb and 
fextr>fub.  
φ   (eV) FR  (V/nm) η θ   (A/m2) flb flow. fup. fub 
5.50 21.01 4.1942 1.24×1014 0.09 0.14 0.41 0.69 
5.00 17.36 4.3989 9.29×1013 0.095 0.14 0.43 0.71 
4.50 14.06 4.6368 6.77×1013 0.10 0.15 0.45 0.75 
4.00 11.11 4.9181 4.76×1013 0.105 0.16 0.48 0.79 
3.50 8.51 5.2577 3.19×1013 0.11 0.17 0.51 0.85 
3.00 6.25 5.6790 2.01×1013 0.12 0.18 0.54 0.91 
2.50 4.34 6.2210 1.16×1013 0.13 0.20 0.59 0.98 
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Table 3 
 
Table 3. Results of applying the improved range-ends test to selected old-style emission situations. With the 
exception of data set 10, which used steel, all emitters are tungsten. For the extracted f-values, the subscript 
meanings are: "low." & "up." = lower & upper ends of range used for steady emission; "nlin" = value at which 
non-linearity is observed; "pulslim" = highest value used in pulsed emission experiment. Entry 1 is the data set 
originally used (in Forbes 2012a,b) to establish range limits. Asterisks mark f-values that lie outside the revised 
"apparently physically reasonable" test limits 0.15<f<0.45, but not outside the "clearly unreasonable" limits 
f<0.10 and f>0.75.  
No. Year Experimenters  flow.
extr   fup.
extr
  fnlin.
extr   fpulslim.
extr  
1 1953 Dyke & Trolan, X89 0.20 0.34 0.48 0.59 
2 1972 Young et al. 0.19 0.28     
3 1965 Van Oostrom 0.16 0.30     
4 1956 Barbour et al. 0.19 0.24 0.58 0.58 
5 1955 Müller 0.18 0.27     
6 1953 Dyke & Trolan, X81 0.21 0.35 0.44 0.69 
7 1940 Haefer 0.39 *0.59   
8 1939 Abbott & Henderson *0.11 0.29   
9 1936 Müller 0.25 0.37   
10 1928 Eyring et al. 0.18 0.22   
11 1928 de Bruyne 0.38 *0.50   
12 1928 Millikan & Lauritsen 0.22 *0.46   
13 1926 Gossling & co-workers 0.20 0.32   
14 1926 Millikan & Eyring 0.18 *0.52   
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Table 4 
 
Table 4.  Results of applying the improved range-ends test to various published 
Fowler-Nordheim plots, as described in the electronic supplementary material. A 
single asterisk indicates that the extracted f-value is outside the "apparently 
reasonable" range, a double asterisk that the value is "clearly unreasonable". 
No. Material γ *1 φ (eV)  flower
extr   fupper
extr  
15 Mo emitting cones, in Spindt array  4.60 0.36 *0.73 
16 Au posts on flexible graphene film  5.10 **2.81 **5.21 
17 Flexible SnO2 nanoshuttle, low-f section 13000 4.70 **5.60 **33.2 
18 Flexible SnO2 nanoshuttle, high-f section  4.70 **0.76 **1.03  
19 Amorphous carbon film  5.10 0.21 *0.45 
20 Vertical carbon nanosheet  5.10 0.22 0.41 
21 Edges of flat graphite platelet  5.10 0.17 0.22 
22 CNT on tungsten needle  5.10 0.32 0.42 
23 Single clean SWNT  5.10 *0.11 0.18 
24 CNT mat on silicon, low-f section  5.10 0.14 0.18 
25 CNT mat on silicon, high-f section  5.10 **1.23 **1.78 
26 CNT-in-polymner composite, 20% loading  5.00 0.15 0.23 
27 CNT-in-metallic-glass composite  4.60 *0.54 **0.87 
28 Graphene edge on ZnO nanowire tips  10179 4.60 **0.84 **2.16 
29 ZnO nanorod array  5750 4.45 **0.87 **1.66 
30 In2O3-decorated Ga2O3 nanobelt  4002 4.80 0.20 0.38 
31 CdS nanotip array 4819 4.20 *0.68 **3.98 
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Origins of current-voltage data 
 
This document provides further information about the origins of the current-voltage data used in 
preparing Tables 3 and 4 in the main paper, and notes how to convert plot slopes derived from older 
forms of data plot to the equivalent slope value for a Fowler-Nordheim plot made using natural 
logarithms. Details of the analysis of the Millikan-Lauritsen plots (Millikan & Lauritsen 1928, Forbes 
2009)) and Fowler-Nordheim plots (Stern et al 1929) used in preparing the tables, and of the 
operation of the spreadsheet used, are given in the separate EXCEL-spreadsheet document 
OrthTest3.xls. 
 
A copy of this spreadsheet can be used for the analysis of new FN and ML plots. 
 
 
Data plotting formats 
In the mid-to-late 1920s, current-voltage (i-V) data relating to what was then called auto-electronic 
emission were presented either as a direct plot of i against V, or––following the work of Schottky 
(1923)––in the form of a Schottky plot, i.e., a plot of i against V1/2. [Or in some equivalent form using 
a current density J and/or a presumed local field F proportional to V.] 
 
It was shown in early 1928, by Lauritsen (Millikan & Lauritsen 1928), Oppenheimer (1928a,b) and 
Fowler & Nordheim (1928), that there were good experimental and theoretical reasons for making 
plots against 1/V (or, equivalently, 1/F). Following this discovery, Millikan and his co-workers 
published re-presentations of much existing data, in the form of what I call "Millikan-Lauritsen (ML) 
plots", i.e., plots of ln{i} or log10{i} against 1/V [or some equivalent form involving J and/or F]. 
 
In the cases of early data, the plots analyzed in the present work are the re-presentations by Millikan 
and co-workers. It is indicated in Table 5 where this has been done. 
 
The plotting method now called a Fowler-Nordheim (FN) plot (i.e., a plots of ln{i/V2} or log10{i/V2} 
against 1/V, or an equivalent form) was introduced by Stern et al. in 1929. The term "field electron 
emission" came into use as a replacement for "auto-electronic emission" in the 1930s, particularly in 
the German literature (e.g., Müller 1936, Haefer, 1940). The present author now prefers the term 
"cold field electron emission (CFE)". 
 
Most experimental CFE data plots made in the first part of the 20th century used common logarithms 
rather than natural logarithms. For both ML and FN plots, the relationship between the slope S(e) of a 
plot made using natural logarithms and the slope S(10) of a plot made using common logarithms is: 
 
 S
(e) =  ln(10) ⋅S (10)  ≈  2.303⋅S (10) . (A1) 
 
In the spreadsheet, the logathithm type ("e" or "10") is entered, and the spreadsheet makes this 
correction automatically. 
 
As indicated in Table 5, many experimental CFE data plots made in the first part of the 20th century 
were ML plots rather than FN plots. A given set of experimental i-V data can be plotted in either way. 
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For a given set of data, an approximate relationship between the magnitudes of the slope SFN (or S2) of 
a FN plot of this data and the slope SML (or S0) of a ML plot of the data is (Forbes 2009): 
 
 | SFN |  =  | SML |−2 ⋅ (1/X )mid , (A2) 
 
where (1/X)mid is the mid-range value of the range of values of (1/X) used in the plotted data, where X 
is the independent variable. 
 
In the spreadsheet, the plot type ("FN") or ("ML") is entered, and the spreadsheet makes this 
correction automatically. 
 
 
 
Classical cold field electron emission data 
 
 
The origins of the classical CFE data used to prepare Table 3 in the main paper are shown in Table 5. 
Sets 12 and 14 refer to cylindrical wire emitters; the remaining sets to point emitters. Set 10 refers to a 
steel emitter; the remaining sets to tungsten emitters. In all cases, the work-function is taken as 
4.50 eV. 
  
  
Table 5.  Origins of classical CFE data used to prepare Table 3. 
No. Plot type Year Experimenters Plot origin 
Where plot used was 
published, if different 
1 ML 1953 Dyke & Trolan, X89 Fig.2  
2 FN 1972 Young et al. Fig.18  
3 FN 1965 Van Oostrom Fig.1  
4 ML 1956 Barbour et al. Fig.3  
5 FN 1955 Müller Fig.3  
6 ML 1953 Dyke & Trolan, X81 Fig.4  
7 ML 1940 Haefer Fig.4, "300 K"  
8 ML 1939 Abbott & Henderson Fig.6  
9 ML 1937 Müller Fig.7, #13  
10 ML 1928 Eyring et al. Fig.4, #1  
11 ML 1928 de Bruyne Fig.6, "273°" Millikan & Lauritsen 1929, Fig.2 
12 ML 1928 Millikan & Lauritsen Fig.1  
13 ML 1926 Gossling & co-workers Fig.7, #6 Eyring et al. 1929, Fig.5, #2 
14 ML 1926 (?) Millikan & Eyring (?) unpublished Millikan & Lauritsen 1928, Fig.2  
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Modern field electron emission data 
 
 
The origins of the modern data used to prepare Table 4 in the main paper are shown in Table 6. 
For the assumed work-function φ, the standard literature value has been used, unless the original 
authors suggest a different value. 
 
 
Table 6.  Origins of modern data used to prepare Table 4. 
No. Experimental article & page on which plot appears 
Figure & 
plot references Material 
φ 
(eV) 
15 Spindt et al. 1976, p5252 Fig.8, 17-1-3G Mo emitting cones, on silicon 4.60 
16 Arif et al. 2011, p5 Fig.3, 73 nm Au posts on flexible graphene film 5.10 
17 Li et al. 2011, p6 Fig.7, nanoshuttle Flexible SnO2 nanoshuttle, low-f section 4.70 
18 Li et al. 2011, p6 Fig.7, nanoshuttle Flexible SnO2 nanoshuttle, high-f section 4.70 
19 Tallin et al. 2001, p334 Fig.4, (b) Amorphous carbon film 5.10 
20 Wang et al. 2006, p2 Fig.2 Vertical carbon nanosheet 5.10 
21 Zumer et al. 2011, p5 Fig.8, sample C Edges of flat graphite platelet 5.10 
22 de Jonge 2010, p71 Fig.6.2(b) CNT on tungsten needle 5.10 
23 Dean 2010, p125 Fig.10.2 Single clean SWNT 5.10 
24 Zhu et al. 2001, p269 Fig.6.13, 48µm CNT mat on silicon, low-f section 5.10 
25 Zhu et al.2001, p269 Fig.6.13, 48µm, CNT mat on silicon, high-f section 5.10 
26 Connelly et al. 2009, p828 Fig.5, 15.6%  CNT-in-polymer composite, 15.6% loading 5.00 
27 Hojati-Talemi et al., 2011, p3 Fig.2, 10% CNT-in-metallic-glass composite 4.60 
28 Maiti et al. 2011, p6 Fig.6, G30 Graphene edge on ZnO nanowire tips  4.60 
29 Zhai et al. 2010, p2989 Fig.4(d) ZnO nanorod array  4.45 
30 Lin et al. 2011, p2456 Fig.6, 740µm InO3-decorated Ga2O3 nanobelt 4.80 
31 Zhai et al. 2009, p2427 Fig8(b) CdS nanotips 4.20 
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